Abstract. Since the efficacy of chemotherapy can be enhanced by targeting to specific receptors on tumors, we investigated the expression of LH-RH receptors in 5 human colon cancer lines and the effects of cytotoxic LH-RH analogs on these tumors. Nude mice bearing HT-29, HCT-116, HCT-15, LoVo and Colo-320DM cancers were treated with cytotoxic LH-RH analogs AN-152 and AN-207 or their respective cytotoxic radicals doxorubicin (DOX) and 2-pyrrolino-DOX (AN-201). The reduction in tumor growth was evaluated, and cell proliferation characteristics as well as apoptosis were analyzed by histological methods. LH-RH receptors on the tumors were investigated by radioligand binding assays and their mRNA expression by reverse transcriptase-polymerase chain reaction (RT-PCR). All 5 colorectal cancer lines expressed high affinity binding sites for LH-RH, and mRNA for the LH-RH receptors. Both cytotoxic LH-RH analogs AN-152 and AN-207 powerfully inhibited growth of all colon cancers. AN-207 had the strongest effect on HT-29 and HCT-116 tumors, and AN-152 was the most effective on Colo-320DM cancers. Cytotoxic radicals AN-201 and DOX were less effective on these 3 tumors, but had effects similar to AN-152 and AN-207 on HCT-15 and LoVo carcinomas. The four cytotoxic compounds also differently affected apoptosis and proliferation rate of the various tumor lines. Our findings suggest that cytotoxic LH-RH analogs should be considered for the therapy of patients with advanced colorectal carcinoma.
Introduction
Colorectal cancer is the third most frequent cancer in the Western world (1) (2) (3) (4) . Over 145,000 new cases of colorectal cancer were diagnosed in 2005 in the US with an estimated 56,000 deaths (1) . In Europe, about 660,000 patients suffer from colon carcinoma and approximately 180,000 die yearly of this malignancy (2-4). The incidence of colorectal cancer is also increasing rapidly in Japan, a country once considered to have a very low occurrence of the disease (5) . In patients diagnosed at an early stage of colorectal cancer, surgical excision followed by adjuvant radiation or chemotherapy leads to a high degree of response and improves the survival rates (6) . However, therapeutic options for advanced or disseminated cases are limited, and the responses to treatment are generally temporary (7, 8) . Thus there is an urgent need for the development of new, more efficient therapeutic modalities.
With increased understanding of molecular alterations that lead to malignant transformation of normal cells, more and more potential therapeutic targets are being discovered in tumors. Recently important advances in targeted therapy were made (9-13). Thus Willett et al have shown that Bevacizumab (Avastin), a humanized monoclonal antibody directed against VEGF, inhibits angiogenesis and has antivascular effects in human rectal cancers (9) . Bevacizumab given in combination with conventional chemotherapy significantly improved survival of patients with metastatic colorectal cancer (10) . Another targeted therapy for colorectal cancer is based on Cetuximab (Erbitux) a monoclonal antibody against extracellular domain of EGF receptor. Cetuximab used alone or in combination with irinotecan induced tumor regression in patients with colorectal cancer (11) . We demonstrated earlier that receptors for certain peptide hormones which are highly expressed in colon cancers, can also serve as therapeutic targets (12) . Thus, the treatment with a cytotoxic somatostatin analog powerfully inhibited the growth of human experimental colon cancers that expressed somatostatin receptors (13) . These results encouraged us to seek other peptide hormone receptors in colorectal carcinoma for targeted chemotherapy.
The hypothalamic hormone LH-RH is the primary regulator of gonadal functions and reproduction in vertebrates (14) . Receptors for LH-RH have been demonstrated in healthy sex organs, as well as in breast, ovarian, endometrial and prostate cancers (4, 12, (14) (15) (16) . On the basis of the presence of receptors for LH-RH on these tumors (12, 16) , we developed a new class of targeted antitumor agents by linking cytotoxic radicals to LH-RH agonists (12) . Thus, we coupled DOX-14-O-hemiglutarate to [D-Lys 6 ]LH-RH to form targeted cytotoxic analog AN-152. An even more potent hybrid molecule (AN-207) was synthesized by conjugating 2-pyrrolino-DOX (AN-201), a daunosamine-modified derivative of DOX, which is 500-1,000 times more active in vitro than its parent compound, conjugated to the same carrier (14, 16) . These cytotoxic analogs AN-152 and AN-207 powerfully inhibited the growth of various experimental tumors expressing LH-RH receptors (16) . Colorectal carcinoma is not closely related to tumors of the genital or endocrine system, but several studies suggest that the occurrence and progression of colon cancers is affected by sex hormones (4, 15, 16) . The incidence rate of colorectal cancer is lower among women than men, particularly in the age group under 59 years and mortality rates are also slightly worse in men than in women (17) . The presence of sex steroid receptors in human colorectal cancers was shown a long time ago (18, 19) and confirmed by more recent studies (20, 22) . Some studies suggest that oral contraceptives and hormonal replacement therapy may decrease the risk of colorectal cancer (23, 24) , but there are conflicting reports whether estrogen receptors and estrogens have a protective effect against colon carcinoma or a stimulatory action (22, 25) .
High levels of receptors for LH-RH have been demonstrated in sex steroid-dependent tumors such as breast and prostate cancers, and also in malignancies that are not directly influenced by the pituitary-gonadal axis. These include pancreatic cancers, renal cell carcinomas, hepatic cancers, nervous system tumors, oral and laryngeal carcinomas and melanomas (4, 16, 26) . In fact, a recent study indicated that xenografts of colon carcinoma express binding sites for LH-RH, and a bacterial exotoxin-containing LH-RH hybrid inhibited growth of colorectal tumors in nude mice (27) . Consequently, we investigated the expression of LH-RH receptors in five human colon cancer lines xenografted into nude mice and the antitumor effects of our cytotoxic LH-RH analogs AN-152 consisting of doxorubicin (DOX) linked to [D-Lys 6 ]LH-RH and AN-207 containing a highly potent derivative of DOX, 2-pyrrolino-DOX (AN-201) coupled to the same peptide carrier (12, 14, 16, 26, 28, 29) .
Materials and methods

Chemicals. LH-RH agonist [D-Lys
6 ]LH-RH (pyroGlu-HisTrp-Ser-Tyr-D-Lys-Leu-Arg-Pro-Gly-NH 2 ) carrier was synthesized in our laboratory by solid-phase method. DOX x HCl salt was purchased from Chemex Export-Import GmbH (Vienna, Austria). Cytotoxic LH-RH conjugates AN-152 (DOX-14-O-hemiglutarate coupled to [D-Lys 6 ]LH-RH), and AN-207 (DOX derivative AN-201 (2-pyrrolino-DOX) coupled to the same carrier) were synthesized as described (30 (13) . In the present study we compared the effects of a cytotoxic somatostatin and LH-RH analog in the same experiment. The controls received vehicle. The groups consisted of 7 mice and the treatment was started 20 days after transplantation of tumors. The experiment was terminated on day 62.
In Experiments 3, 4, 5 and 6 five groups were formed: 1. Control, vehicle only; 2. AN-207; 3. AN-201; both given at 150 nmol/kg dose; 4. AN-152; 5. DOX; both given at 6.9 μmol/ kg dose i.v. In Experiments 3, 4, and 5 the groups were composed of 7 mice. In Experiment 6, we used 6 mice per group. In Experiment 3, the treatment of the mice bearing HCT-116 cancers was initiated 21 days after transplantation. The nude mice with Colo-320DM cancers (Experiment 6) were grouped 25 days after transplantation and treated as those in Experiment 3. The experiment ended on day 63. Body weights and tumor sizes were measured weekly and tumor volume was determined as length x width x height x 0.5236. Tumor growth reduction was calculated with the formula: TGR % = 100-100X (T-t)/(C-c), where t and c = the volume of treated and control tumors, respectively, at the beginning of therapy, and T and C = volume of the same tumors at the end of the experiment. The mice were sacrificed by decapitation under Metofane (Methoxyflurane, Shering-Plough, Union, NJ) anesthesia.
Histological analysis. Tumor specimens were fixed in 10% buffered formalin and were embedded in paraffin. Mitotic and apoptotic cells were identified by their morphologic appearance. They were counted in sections stained with hematoxylin-eosin and their numbers per 1,000 cells were accepted as the mitotic and apoptotic indices, respectively. Nucleolar organizer regions (NOR) in tumor cell nuclei were demonstrated with the AgNOR method as described (32) . The number of AgNOR granules is an indicator of cell proliferation. The silver-stained black dots in 50 cells of each tumor were counted, and the AgNOR number per cell was calculated.
Receptor assay. Radioimmunoassay (RIA). LH was determined by RIA using material provided by the National Hormone and Pituitary Program (NHPP, Rockville, MD) (rat LH-RP-3/AFP-71871B/rat LH-I-9/AFP-10250C, anti-rat LH-RIA-11/AFP C 697071P). Serum testosterone levels were determined by Coat-A-Count RIA kit from Diagnostic Products Corp. (Los Angeles, CA, USA). Interassay and intraassay coefficients of variations were less than 15% and 10% respectively for both assays. GH was determined by using materials provided by the NHPP (GH-RP-2/AFP-3190B, rat GH-I-6/AFP-5676B, and anti-rat GH-RIA-5/AFP-411S).
RNA isolation and reverse transcription (RT)-PCR.
RNA was extracted using the MicroRNA Isolation Kit (Stratagene, La Jolla, CA) according to the manufacturer's instructions and samples were reverse-transcribed to cDNA using the GeneAmp RNA Core Kit (Perkin-Elmer, Foster City, CA) according to instructions. The samples were PCR-amplified for ß-actin and human LH-RH receptor using the GeneAmp RNA Core Kit. Specific primers for ß-actin and human LH-RH receptor, as well as PCR conditions were described previously (33) (34) (35) . PCR products were then subjected to electrophoresis on a 1.8% agarose gel, stained with ethidium bromide, visualized under UV light and quantified using Kodak EDAS 290 Imaging System with Kodak 1D Image analysis Software.
Relative mRNA levels of hLH-RH were normalized versus the corresponding levels of human ß-actin.
Statistical analysis. The SigmaStat software (Jandel Scientific, San Raphael, CA) was used for the statistical evaluation of the data. Differences between mean values were analyzed by one-way ANOVA, and the groups were compared using Dunnett's method.
Results
Effect of treatment on tumor growth. In Experiment 1, AN-207, given i.p. at 200 nmol/kg dose on days 1 and 28, significantly inhibited growth of HT-29 cancers as shown by the reduction in tumor volume and tumor weights (Fig. 1A , Table I ). The first injection of AN-152 resulted in a moderate growth reduction, but the second dose was practically ineffective. The cytotoxic radicals AN-201 and DOX had no effect (Fig. 1A, Table I ). Among the histologic characteristics analyzed, mitotic and apoptotic indices were not changed by the treatments, but AgNOR numbers were decreased in the groups receiving AN-207, AN-152 or DOX.
In Experiment 2, treatment with 4x150 nmol/kg AN-207 significantly suppressed growth of HT-29 cancers but AN-201 Table I . AN-207 enhanced apoptosis in the tumors while AN-201 had no such effect. There was no change in mitotic indices, but both compounds decreased AgNOR scores in the tumors (Table I ). The effects of cytotoxic somatostatin analog AN-238 on growth parameters were similar to those of AN-207. At the end of the experiment, body weights were not significantly different among the groups. Spleen weights were smaller in the treated groups, but the weights of other organs were not different from control (data not shown).
In Experiment 3, AN-207 significantly inhibited growth of HCT-116 cancers (Fig. 1C, Table I ). The number of apoptotic cells was significantly increased and AgNOR scores decreased in the tumors treated with AN-207. The other three compounds had no effect on growth of HCT-116 tumors.
AN-207 likewise powerfully inhibited the growth of HCT-15 cancers as shown by a significant reduction in tumor volume and weight (Fig. 1D, Table I ). Histologically, an enhancement of apoptosis and a decrease in proliferation was seen in the tumors treated with AN-207. The effects of AN-201, AN-152 and DOX were similar to those of AN-207.
The growth of LoVo cancers in Experiment 5 ( Fig. 1E ) was significantly inhibited by AN-201 and AN-152. AN-207 and DOX were less effective, but still caused growth reduction >50%. Among the histologic characteristics, apoptosis was not affected by the treatments, but AgNOR numbers were reduced in the tumors treated with AN-152. ---------------------------------------------------------------------------------------------------- 
.68±0.16 -----------------------------------------------------------------------------------------------------
Values are means ± SE. TGR, tumor growth reduction. a P<0.05.
-----------------------------------------------------------------------------------------------------
In Experiment 6 (Fig. 1F ), AN-152 had the most powerful inhibitory effect among all compounds on Colo-320DM cancers. Treatment with AN-207 or DOX resulted in a moderate reduction of growth and AN-201 was ineffective. Histologically, apoptosis was not affected by the therapy, but AN-152 caused a decrease in cell proliferation rate as shown by lower mitotic indices and AgNOR numbers.
Systemic effects of treatment.
To evaluate systemic effects and toxicity of the compounds, body and organ weights, as well as mortality were analyzed. Body weights were usually decreased by 5-10% within 7-10 days after treatment with any cytotoxic compound and returned to original levels at the time of the next injection. Final body weights were not significantly different among the groups, except in Experiment 1, in which higher doses were given i.p. to the mice. In all experiments, the weights of testes were significantly reduced after treatment with AN-152 or DOX. AN-207 caused a reduction in testis weights only in Experiments 2 and 3. Serum testosterone and LH were measured in Experiment 1. Testosterone levels were reduced to 0.17±0.01 ng/ml by AN-207, 0.48±0.17 ng/ml by AN-152 and 0.50±0.01 ng/ml by DOX from a 4.72±2.20 ng/ml value in the control group. However, these changes were not significant statistically because of the high varation among individual values. Mean serum LH was 475.3±184.1 pg/ml in the control animals and Table II .
mRNA analysis of LH-RH receptors in colon cancers.
In Experiment 1 mRNA expression of receptors for LH-RH was analyzed in tumor samples from each group. The results are shown in Fig. 2 . The levels of mRNA for LH-RH receptors were quantified by an image analyzer and normalized to the corresponding levels of human ß-actin. All HT-29 tumor samples investigated expressed mRNA for human LH-RH receptor. Treatment with AN-207 or AN-152 did not significantly change mRNA expression for LH-RH receptors (Table III) .
mRNA expression for human LH-RH receptor was also analyzed in representative control samples of the HCT-116, HCT-15, Colo-320DM and LoVo colon tumors used in this study. Fig. 3 shows that all samples expressed mRNA for human LH-RH receptor. ------------------------------------------------ The data are means ± SE. Two-three binding experiments were performed in duplicate or triplicate. K d , dissociation constant; B max , maximal binding capacity. Table III . mRNA levels of LH-RH receptors in HT-29 colon cancers. 
-------------------------------------------------
------------------------------------------------- Tumor Group mRNA
expression of LH-RH receptors relative to mRNA of ß-actin (arbitrary units) -------------------------------------------------
-------------------------------------------------
Discussion
Although much progress has occurred in the systemic treatment of colorectal cancer which led to the decline in mortality rates (11) , improved therapies are needed for patients with advanced disease. The development of targeted agents such as Bevacizumab and Cetuximab is a welcome addition to systemic chemotherapy (10, 11) .
Our approach is based on cytotoxic LH-RH analogs that are targeted to LH-RH receptors (12) . LH-RH acts through binding to its G-protein-coupled receptors with 7 transmembrane domains. In vertebrates, three subtypes of LH-RH receptors have been identified (36, 37) . Type I receptors are characteristic of the pituitary and play the main role in the regulation of gonadotropin secretion (37) . Type II LH-RH receptors are well preserved in many vertebrates, but they are vestigial and inactive in humans (38) . However, some investigators assume that type II receptors can appear in tumors and that these receptors may have a role in tumor cell growth (39) . Type I and II LH-RH receptors differ also functionally in their intracellular mechanisms, internalization etc. (40) . Type III LH-RH receptors seem to be related to type II receptors, thus they may have common genetic roots in lower vertebrates (37) .
LH-RH receptors have been demonstrated in the brain, testis, ovaries, prostate and placenta of various mammals. These receptors transmit the regulatory effects of LH-RH on steroidogenesis, cell proliferation, apoptosis and embryo implantation (41) . In addition to normal tissues, LH-RH binding sites have been also found in various tumors such as pituitary adenomas and breast, ovarian, endometrial and prostatic carcinomas (14, 15, 26, 37, 41, 42) .
Although numerous publications reported the expression of LH-RH receptors in prostate, uterine, ovarian and mammary tumors (14, 15, 26, 37, 41) , only scarce data about their occurrence in colorectal cancers are available. One study demonstrated LH-RH and LH-RH receptor immunoreactivity in the villous and glandular epithelium in small and large intestines of rats (43) . Another group reported that binding sites for LH-RH are expressed on Colo-205 colon cancers, and that a chimeric protein consisting of a toxin and an analog of LH-RH inhibited the growth of these cancers in nude mice (27, 44) .
In our study, we demonstrated the presence of LH-RH receptors in all 5 colon cancer lines investigated. mRNA for LH-RH receptors was expressed in all tumor samples analyzed and the sequence detected corresponds to type I LH-RH receptor found in the pituitary. The analysis of the binding data indicated that all five colon cancer models displayed dissociation constant values (K d ) in the lower nanomolar concentration range and radiolabeled peptide was bound to a single class of binding sites. This range of K d values (1-8 nM) clearly represents high affinity binding that is required for efficient chemotherapy based on targeting of cytotoxic LH-RH conjugates to their receptors on cancers. These results are in accord with previous findings demonstrating the presence of specific, high affinity binding sites for LH-RH in various human cancer lines and surgical specimens of human cancers. Our results are also in good agreement with previous observations on the binding affinity and capacity of receptors for LH-RH expressed on the pituitary.
The expression of LH-RH receptors in various cancers makes possible the use of LH-RH analogs as carrier vectors to deliver cytotoxic agents to these tumors. The toxic moieties of such hybrid compounds can be bacterial toxins (44) , plant toxins (45), or, as in our studies, cytotoxic drugs (4, 12, 15, 16, 26, (28) (29) (30) . Cytotoxic analogs first bind to LH-RH receptors on the cell surface with high affinity (33) , and then after they enter the cells (12, (46) (47) (48) , the cytotoxic radicals interfere with vital molecules in the cytoplasm or nuclei.
It has been shown that cytotoxic LH-RH analogs are internalized by human ovarian and endometrial cancer cells (29, 46) and MCF-7 human breast cancer (47) . Thus, using twophoton laser scanning microscopy, the AN-152 fluorophore conjugate could be observed as it interacted with LH-RH receptor positive MCF-7 breast cancer cells (47) . The receptormediated entry of AN-152 into the cell cytoplasm was clearly demonstrated (47) (reviewed in ref. 29) . Recently in collaboration we were able to show that internalization of cytotoxic LH-RH analog AN-152, monitored by confocal laser scanning microscopy, induces apoptosis in human endometrial and ovarian cancer cell lines (48) . The mechanism of action of cytotoxic LH-RH analog AN-207 containing AN-201, is similar to that of AN-152. An accumulation of AN-207 in LH-RH receptor-positive tumors is followed by receptormediated internalization (28, 29) . Both doxorubicin and cytotoxic radical AN-201 are powerful DNA-intercalating agents that selectively kill rapidly proliferating cell types such as cancer cells (28, 29) . Thus the main effect of AN-152 and AN-207 is tumor eradication (28, 29) . To date, we do not have any conclusive explanation for the fall in serum LH and testosterone in mice after treatment with AN-152, DOX or AN-207. These phenomena could have occurred through a down-regulation of LH-RH receptors in the pituitary by the [D-Lys 6 ]LH-RH carrier, cytotoxic effect of AN-152, AN-207 or DOX itself on the pituitary or direct action of these agents on the testes. The effects of alterations in sex steroid levels on tumor growth must be further investigated in future studies with cytotoxic analogs AN-152 and AN-207 on sex hormone sensitive tumors such as prostate cancers and breast cancers. However, these changes in serum testosterone were not significant and unlikely to have contributed to inhibition of colon cancers. We have previously investigated and observed some cytotoxic effects of AN-152 and AN-207 on the pituitary and testes (29, (49) (50) (51) (52) . In earlier studies AN-207 caused a selective but transient damage to the gonadotroph cells of the pituitary (50) . AN-201 non-selectively damaged pituitary LH, GH and TSH function (50) . Both AN-207 and the carrier [D-Lys 6 ]LH-RH decreased the levels of mRNA for LH-RH receptors in the rat pituitary (51) . However, the pituitary function completely recovered 1-2 weeks later (50, 51) . The lack of toxicity of AN-207 on the pituitary cells, which are slowly proliferating, may be explained by the fact that the cytotoxic radical AN-201 more selectively affects rapidly proliferating cell types (29) . Our data previously indicated that AN-152, doxorubicin and AN-207 can reduce the weight of testes (49, 52) suggesting that this effect is not related to targeting and may be attributed to partial hydrolysis of DOX and AN-201 from the respective hybrid analogs by carboxylesterase enzymes in the circulation. Some of these findings have been previously reviewed (16, 29) . A decrease in tumoral LH-RH receptor levels on the prostate cancers also has been described previously after treatment with cytotoxic LH-RH analog AN-152 (49) .
In our present study, cytotoxic LH-RH analogs powerfully inhibited the growth of human colon cancers transplanted into nude mice. Although, the two cytotoxic analogs have the same LH-RH carrier, AN-207 was more effective than AN-152 on HT-29 and HCT-116 tumors, but AN-152 which was used at a dose 80 times higher had a greater effect than AN-207 on LoVo and Colo-320DM cancers. Thus, the activity of the cytotoxic compound seems to depend also on the type of the cytotoxic radical. Various tumor lines show different sensitivity to DOX and AN-201. Both cytotoxic radicals had very strong inhibitory effect on HCT-15 cancers, but had little effect on HT-29 and HCT-116 tumors. However, the effects of the cytotoxic analogs did not always show a close correlation with the effects of the corresponding radicals and AN-152 was not superior to DOX in HCT-116 and HCT-115 cancers. Likewise the effects were not strictly related to the receptor concentration in the tumors. Thus, other characteristics such as vascularity, blood supply, proliferation rate etc. may also affect the efficacy of therapy with cytotoxic LH-RH analogs. The carrier LH-RH analog alone was not tested in this study, because in several previous experiments LH-RH analogs administered at such low doses as in cytotoxic analog therapy had no inhibitory effects on tumors (12, 26, 29, 52 ). Earlier we demonstrated that HT-29 tumors express receptors for somatostatin and cytotoxic somatostatin analog AN-238 powerfully inhibited growth of this tumor (13) . The present study shows that the inhibitory effect of AN-207 on growth of HT-29 cancers is similar to that of cytotoxic somatostatin analog AN-238.
Histological growth characteristics were also differently affected by the two cytotoxic LH-RH analogs. AN-207 increased apoptosis and decreased cell proliferation in HT-29, HCT-116 and HCT-15 cancers, while AN-152 had no significant effect on apoptosis in LoVo and Colo-320DM tumors and only decreased the proliferation.
There were no significant differences in toxicity of the compounds, as reflected by overall body weight and mortality data. Body weights were 5-10% lower 7-10 days after treatment with any cytotoxic compound, but body weights returned to original values by the time of the next treatment. Final body weights were not significantly different among the groups, except for a reduction in body weights in all treated groups in Experiment 1, in which the compounds were administered i.p.
In conclusion, our study demonstrates that receptors for LH-RH are expressed in various human colon cancer lines transplanted into nude mice. Cytotoxic LH-RH analogs AN-207 and AN-152 powerfully inhibited in vivo growth of these colon cancers xenografted into nude mice and on some tumors their effects surpassed those of the corresponding cytotoxic radical. Cytotoxic LH-RH analog AN-152 is presently in clinical trials in Germany in women with gynecological cancers. On the basis of our results patients with advanced or metastatic colorectal carcinoma could be considered for inclusion in future clinical trials with cytotoxic LH-RH analogs, after establishing the presence of LH-RH receptors in biopsy samples.
